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Transcription and translation are the means by which cells read out, or express,
the genetic instructions in their genes. Because many identical RNA coples can
be made from the same gene, and each RNA molecule can direct the synthesis
of many identical protein molecules, cells can synthesize a large amount of
protein rapidly when necessary. But each gene can also be transcribed and
translated with a different efficiency; allowing the cell to make vast quantities of
some proteins and tiny quantities of others (Figure 6-3). Moreover, as we see in
the next chapter, a cell can change (or regulate) the expression of each of its
genes according to the needs of the moment—most obviously by controlling
the production of its RNA. ’

Portions of DNA Sequence Are Transcribed into RNA

The first step a cell takes in reading out a needed part of its genetic instructions
is to copy a particular portion of its DNA nucleotide sequence—a gene—into an
RNA nucleotide sequence. The information in RNA, although copied into another
chemical form, is still written in essentially the same language as it is in DNA—
the language of a nucleotide sequence, Hence the name transcxiption.

Like DNA, RNA is a linear polymer made of four different types of nucleotide
subunits linked together by phosphodiester bonds (Rigure 6-4). It differs from
DNA chemically in two' respects: (1) the nucleotides in RNA are
ribonucleotides—that is, they contain the sugar ribose (hence the name ribonu-
cleic acid) rather than deoxyribose; (2) although, like DNA, RNA contains the
bases adenine (A), guanine (G), and cytosine (C), it contains the base uracil (U)
instead of the thymine (T) in DNA. Since U, like T, can base-pair by hydrogen-
bonding with A (Figure 6-5), the complementary base-pairing properties
described for DNA in Chapters 4 and 5 apply also to RNA (in RNA, G pairs with
C, and A pairs with U). It is not uncommon, however, to find other types of base
pairs in RNA: for example, G pairing with U occasionally.

Despite these small chemical differences, DNA and RNA differ quite dra-
matically in overall structure. Whereas DNA always occurs in cells as a double-
stranded helix, RNA is single-stranded. RNA chains therefore fold up into a
variety of shapes, just as a polypeptide chain folds up to form the final shape of
a protein (Figure 6-6). As we see later in this chapter, the ability to fold into com-
plex three-dimensional shapes allows some RNA molecules to have structural
and catalytic functions.

Transcription Produces RNA Complementary to
One Strand of DNA

All of the RNA in a cell is made by DNA transcription, a process that has cer-
tain similarities to the process of DNA replication discussed in Chapter 5.
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Figure =3 Genes can be expresseq
with different efficlencles. Gene A 5
transcribed and translated much mare
efficlently than gene B.This allows the
amount of protein A in the cell to be
much greater than that of protein B,
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Figure 6-89 Pratein aggregates that cause human disease. (A) Schematie iliustration of the type of
conformational changa In a protein that produces material for a cross-bera fiament. (B) Diagram illustrating
the self-infectious nature of the protein aggregation that Is central to prion diseases. PrP 1s highly unusual
because the misfolded version of the protein, called Prf, induces the nbrmal PrP protein it contacts to
change ts conforniation, as shown, Most of the hwman diseases caused by protein aggregation are caused by
the overproduction of a variant protein that Is especially prone to aggregation, but because this structure [s
not Infactious in this way, it cannot spread from ene animal to another. (C) Drawing of a cross-beta filament,
a common type of protease-resistant pratein aggregate found In 2 variety of human nsurological diseases.
Because the hydrogen-bond Interactions in a P sheet form between polypeptide backbone atoms (see Figure
3-9), a number of different abnormally folded proteins can produce this structure. (D) One of several
possible models for the conversion of PrP to Pri¥, showing the Itkely change of two or-helices into four
B-strands. Although the structure of the normal proteln has been determined accurately, the structure of the
infectious form Is not yet known with certalnty because the aggregation has prevented the use of standard
structural techniques. {C, courtesy of Loulse Serpefl, adapted from M. Sunde et al, f. Mol Blol 273:729-739,
1997; D, adapted from S.8. Prusiner, Trends Biochem, 5d. 21:482-487, 1996.)

animals and humans. It can be dangerous to eat the tissues of animals that con-
tain PrP*, as witnessed most recently by the spread of BSE (commonly referred
to as the "mad cow disease”) from cattle to humans in Great Britain.

Fortunately, in the absence of PrP*, PP is extraordinarily difficult to convert
to its abnormal form. Although very few proteins have the potential to misfold
into an infectious conformation, a similar transformation has been discovered
to be the cause of an otherwise mysterious “protein-only inheritance” observed
in yeast cells.

There Are Many Steps From DNA to Protein

We have seen so far in this chapter that many different types of chemical reac-
tions are required to produce a properly folded protein from the information
contained in a gene (Pigure 6-90). The final level of a properly folded protein in
a cell therefore depends upon the efficiency with which each of the many steps
is performed.

We discuss in Chapter 7 that cells have the ability to change the levels of
&. theirproteins according to their needs. In principle, any or all of the steps in Fig-
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ure 6-90) could be regulated by the cell for each individual protein. However, as
we shall see in Chapter 7, the initiation of transcription is the most common
point for a cell to regulate the expression of each of its genes. This makes sense,
inasmuch as the most efficient way to keep a gene from being expressed is to
block the very first-step—the transcription of its DNA sequence into an RNA
molecule.

Summary

The translation of the nucleotide sequence of an mRNA molecule into protein takes
placein the cytoplasm on a large ribonucleoprotein assembly called a ribosome. The
amino acids used for protein synthesis are first attached to a family of tRNA
molecules, each of which recognizes, by complementary base-pair interactions, par-
ticular sets of three nucleotides in the mRNA (codons). The sequence of nucleotides in
the mRNA is then read from one end to the other in sets of three according to the
genetic code.

To initiate translation, a small ribosomal subunit binds to the mRNA molecule
at a start codon (AUG) that is recognized by a unique iniltiator tRNA molecule. A
large ribosomal subunit binds to complete the ribosome and begin the elongation
phase of protein synthesis. During this phase, aminoacyl tRNAs—each bearing a
specific amino acid bind sequentially to the appropriate codon in mRNA by forming
complementary base pairs with the tRNA anticodon. Each amino acid is added to the
C-terminal end of the growing polypeptide by means of a cycle of three sequential
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Figure 6-90 The production of a
protein by a eucaryotic cell. The finay
lavel of each protein in a eucaryotic cel]
depends upon the efficiency of each stap
depleted.
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Gene Expression Can Be Regulated at Many of the Steps
in the Pathway from DINA to RNA to Protein

If differences among the various cell types of an organism depend on the partic-
ular genes that the cells express, at what level is the control of gene expression
exercised? As we saw in the Iast chapter, there are many steps in the pathway
leading from DNA to protein, and all of them can in principle be regulated. Thus
a cell can control the proteins it makes by (1) controlling when and how often a
given gene is transcribed (traniscriptional control), (2) controlling how the RNA
transcript is spliced or otherwise processed (RNA processing control), (3)
selecting which completed mRINAs in the cell nucleus are exported to the cytosol
and determining where in the cytosol they are localized (RNA transport and
localization control), (4) selecting which mRNAs in the cytoplasm are translated
by ribosomes (translational control), (5) selectively destabilizing certain mRNA
molecules in the cytoplasm (mRNA degradation control), or (6) selectively acti-
vating, inactivating, degrading, or compartmentalizing specific protein
molecules after they have been made (protein activity control) (Figure 7-5).

For most genes transcriptional controls are paramount. This makes sense
because, of all the possible control points illustrated in Figure 7-5, only tran-
scriptional control ensures that the cell will not synthesize superfiuous interme-
diates. In the following sections we discuss the DNA and protein components
that perform this function by regulating the initiation of gene transcription. We
shall return at the end of the chapter to the additional ways of regulating gene
expression.

-

Summary

The genome of a cell contains in its DNA sequence the information to make many
thousands of different protein and RNA molecules. A cell typlcally expresses only a
Jraction of its genes, and the different types of cells in multicellular organisms arise
because different sets of genes are expressed. Moreover; cells can change the pattern

k- of genes they express in response to changes in their environment, such as signals
t. from other cells, Although all of tha steps involved in expressing a gene can in prin-

ciple be regulated, for most genes the initiation of RNA transcription Is the most

Important point of control.

DNA-BINDING MOTIFS IN GENE REGULATORY
PROTEINS '

'How does a cell determine which of its thousands of genes to transcribe? As

entioned briefly in Chapters 4 and 6, the transcription of each gene is con-

trolled by a regulatory region of DNA relatively near the site where transcription

gins. Some regulatory regions are simple and act as switches that are thrown

-by a single signal. Many others are complex and act as tiny microprocessors,
:Yesponding to a variety of signals that they interpret and integrate to switch the
Reighboring gene on or off. Whether complex or simple, these switching devices

NA-BINDING MOTIFS IN GENE REGULATORY PRO'IE.INS

Figure 7=5 Six steps at which

eucaryotic gene expression can be”

controlled. Controls that operate at
steps | through 5 are discussed ip this

chapter. Step 6, the regulation of proteln

activity, indudes reversible activation o

r

inactivation by proteln phosphorylation’

(discussed In Chapter 3) as well as
irreversible inactivation by proteolytic
degradation (discussed in Chapter 6).
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occur in the germ line, the cell linedge that gives rise to sperm or eggs. Most of -

the DNA in vertebrate germ cells is inactive and highly methylated. Over long

periods of evolutionary time, the methylated CG sequences in these inactive .

reglons have presumably been lost through spontaneous deamination events
that were not properly repaired. However promoters of genes that remain active
in the germ cell lineages ' (including most housekeeping genes) are kept
unmethylated, and therefore spontaneous deaminations of Cs that occur with-
in them can be accurately repaired. Such regions are preserved in modern day
vertebrate cells as CGislands. In addition, any mutation of a CG sequence in the
genome that destroyed the function or regulation of a gene'in the adult would be
selected against, and some CG islands are simply the result of a higher than nox-
mal density of critical CG sequences.

The mammalian genome contains an estimated 20,000 CG islands. Most of
the islands mark the 5’ ends of transcription units and thus, presumably, of
genes. The presence of CG islands often provides a convenient way of identify-
ing genes in the DNA sequences of vertebrate genomes.

Summary

The many types of cells in animals and plants are created largely through mecha-
nisms that cause different genes o be transcribed in different cells. Since many

specialized animal cells can maintain their unique character through many cell - .

division cycles and even when grown in culture, the gene regulatory mechanisms
involved in creating thens must be stable once established and heritable when the
celldivides. Thess features endow the cell with a memory of its developmental history.
Bacteria and yeasts provide unusually accessible model systems in which to study
gene regulatory mechanisms. One such mechanism Involves a competitive interde-
tion betweer two gene regulatory proteins, each of which inhibits the synthesis of the
other; this can create a fiip-flop switch that switches a cell between two alternative

patterns of gene expression. Direct or indirect positive feedback loops, which enabls |
" gene regulatory proteins to perpetuate their own synthesis, provide a general mech-

anisi for cell memorvy. Negative feedback loops wish programmed delays form the
basts for celiular clocks. .

In eucaryotes the sranscription of & gene is generally controlled by combinations
of gens regulatory proteins. It is thought that each type of cell in & higher eucaryotic
organism conigins a specific combination of gene vegulatory proteins that ensures
the expression of enly those genes appropriate to that type of cell. A given gene regu-
latory protein mnay be active in @ variety of circumstances and typically is involved
in the regulation of many genes. :

In addition to diffusible gene reguiarory proteins, inherited states of chromatin
condensation are also used by eucaryotic cells to regulate gerie expression. An espe-

- clally dramagic case is the inacsivation of an entire X chromosome in female mam-

mals. In vertebrates DNA metiylation also functions in gene regulation, being used
mainly as a device to reinforce decisions about gene expression that are made ini-
#ally by other mechanisms. DNA methylation also underlies the phenomenon of

genomie imprinting in mammals, i which the expression of @ gene depends on

whether it was inherited from the mother or the father.

: POSTTRANSCRIPfIONAﬂ. CONTROLS

In principle, every step required for the process of gene expression could be
controlled. Indeed, one can find examples of each type of regulation, although
auy one gene is likely to use only-a few of them. Controls on the Initiation of
gene transcription are the predominant form of regulation for most genes. But
other controls can act later in the pathway from DNA to protein to modulate
the amount of gene product that is made. Although these pasttranscriptional
centrols, which operate after RNA polymerase has bound to the gene's promoter
and begun RNA synthesis, are less common than transcriptional control, for

'many genes they are crucial. _ :

POSTTRANSCRIPTIONAL CONTROLS

VERTEBRATE ANCESTOR DNA

most CG saguences
in germ fine -
\

many millions of years
of evolution

VERTEBRATE DNA

CGislsnd
Figure 7-86 A mechanism to explaln
both the marked overall deficiency
of CG sequences-and their clustering
into €@ istands In vertebrate
genemes. A bladk fine marks the location
of a CG dinucleotide In the DNA
sequence, while a red “lollipop™ indicates
the presence of 2 methyl group on the
CG dinucleotide. CG sequences that lie in
regulatary sequences of genes that are
transcribed in germ cells are unmethylated
and therefore tend to be retained in
evolution. Methylated CG sequences, on
the ofher hand, tend to be lost through
deamination of 5-methyl C to T, unless the
CG sequence Is critleal for survival.
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